Introduction {#sec1}
============

Echocardiography and cardiac catheterization are common cardiac imaging modalities. Both modalities have drawbacks. The limitations of echocardiography include operator dependence, limited acoustic shadows, a small field of view, and poor evaluation of pulmonary veins. The limitations of cardiac catheterization include the overlapping of great vessels, difficulty in demonstrating systemic and pulmonary vessels at the same time, catheter-related complications, and high doses of iodinated contrast material and ionizing radiation. Computed tomography (CT) can overcome these limitations,[@bib1] and previous studies widely reported its use in the evaluation of pediatric congenital heart disease.[@bib2], [@bib3], [@bib4], [@bib5]

However, there are long-term risks of developing lethal malignancy induced by radiation exposure of CT scan.[@bib6], [@bib7] Children are at higher risk than adults because their tissues are more radiosensitive and they have longer life expectancies to develop a radiation-induced malignancy.[@bib8]

Recent studies have reported CT utilization trends in pediatric patients.[@bib9], [@bib10], [@bib11] Fahimi et al[@bib9] reported a dramatic increase in CT utilization among children presenting to the emergency department with abdominal pain. Menoch et al[@bib10] showed a decrease in CT utilization in recent years in the pediatric emergency department of a regional pediatric referral center. DeVries et al[@bib11] evaluated CT utilization patterns in children with recurrent headache and reported overuse of head CT despite existing guidelines. However, limited data are available to describe contemporary trends in the utilization of pediatric cardiac CT and catheterizations. The aim of this investigation is to study the impact of cardiac CT on the utilization of cardiac catheterization among children with congenital heart diseases in a tertiary referral general hospital.

Methods {#sec2}
=======

Data collection {#sec2.1}
---------------

This retrospective study was conducted at a 2300-bed tertiary referral general hospital, which treated the majority of children with congenital heart disease in Taiwan. Informed consent was received for every case. The research protocol was approved by the local human research committee.

Consecutive patients who received pediatric cardiac CT, diagnostic catheterization, or interventional catheterization from January 1999 to December 2009 were enrolled into the "CT group," "cath-D group," or "cath-I group," respectively. Patients\' age, sex, and diagnosis from each CT and catheterization examination were identified. Patients aged \>18 years were excluded from the study. Diagnoses were categorized into 11 groups based on the anatomical structures they primarily affect ([Table 1](#tbl1){ref-type="table"} ). Some diagnoses from CT including lung agenesis, idiopathic pulmonary hypertension, infectious endocarditis, intracardiac tumor, and thrombi were excluded because these diagnoses were not considered congenital heart diseases.Table 1Eleven disease groups of all major diagnosis of congenital heart disease.Disease groupsDiagnosisVA connection disorderCCTGA, DORV, TGASeptal disorderASD, ECD, PFO, VSDTetralogy of FallotTetralogy of Fallot, extreme tetralogy of FallotHeterotaxyLAI, RAIMyocardial disorderARVD, cardiomyopathy, EFE, myocarditisPericardial disorderConstrictive pericarditisCoronary arterial disorderALCAPA, coronary AVF, Kawasaki diseaseGreat vessel disorderMarfan syndrome, PA atresia, PA sling, PDA, vascular ring, CoA, HLHS, IAAPulmonary vein disorderPAPVR, PVO, TAPVRSemilunar valvular disorderAS, AR, PSAV connection disorderCriss-cross heart, DILV, DIRV, Ebstein anomaly, MA, TA[^1]

Radiation dose {#sec2.2}
--------------

### CT {#sec2.2.1}

We calculated the dose--length product (mGy cm) in each CT scan. The effective radiation doses were determined as the product of the dose--length products and the age-specific conversion factors. The age-specific conversion factors were 0.0766 mSv/(mGy cm) (newborn), 0.0442 mSv/(mGy cm) (1 year), 0.0291 mSv/(mGy cm) (5 years), 0.0217 mSv/(mGy cm) (10 years), and 0.0136 mSv/(mGy cm) (15 years) based on a previous report by Deak et al.[@bib12] The age-specific effective radiation doses (mSv) of CT examinations were calculated accordingly.

### Catheterization {#sec2.2.2}

We calculated the dose--area product (Gy cm^2^) in each catheterization. The effective radiation doses were determined as the product of the dose--area products and the age-specific conversion factors. The age-specific conversion factors were 3.7 mSv/(Gy cm^2^) (newborn), 1.9 mSv/(Gy cm^2^) (1 year), 1 mSv/(Gy cm^2^) (5 years), 0.6 mSv/(Gy cm^2^) (10 years), and 0.4 mSv/(Gy cm^2^) (15 years) based on the work of Karambatsakidou et al.[@bib13] The age-specific effective radiation doses (mSv) of catheterization were calculated accordingly.

Data analysis {#sec2.3}
-------------

Excel 2007 (Microsoft, Redmond, WA, USA) was used for data recording and presentation. Using general linear model on multivariate and repeated measures by SPSS (version 18; SPSS Inc., Chicago, IL, USA), trends between groups (CT vs. diagnostic catheterization) as well as annually within groups were analyzed. A *p* value of \<0.05 was considered statistically significant.

Results {#sec3}
=======

Patient characteristics {#sec3.1}
-----------------------

From January 1999 to December 2009, clinicians performed 2648 pediatric cardiac CT examinations (female/male ratio = 1:1.42; age range, from 1 day to 17 years; mean 4.2 years). The total number of CT examinations gradually increased annually (1.2% increase per year). In the same period, clinicians performed 3814 cardiac catheterizations (female/male = 1:1.15; age range, from 1 day to 17 years; mean 4.5 years). The total number of diagnostic catheterizations decreased dramatically (6.2% decrease per year), whereas the total number of interventional catheterizations increased annually (2.7% increase per year). Both CT and catheterization case numbers declined in 2003 owing to the outbreak of severe acute respiratory syndrome in Taiwan. Many patients were afraid of visiting hospitals during this endemic period ([Fig. 1](#fig1){ref-type="fig"} A). A total of 2021 diagnostic catheterizations and 1793 interventional catheterizations were recorded within the study period. Of the interventional catheterizations, there were 748 balloon dilatations, 498 occluder placements, 307 coil embolizations, 20 pacemaker placements, 184 radiofrequency ablations, and 36 stent placements.Figure 1Number of CT performed per year. (A) Total number of CT and interventional and diagnostic catheterization (cath-I and cath-D) in each year. Note the decline in 2003 (arrow) due to SARS in our country. Broken lines indicate trend linear regression. CT and interventional catheterization had a slight annual increase of 1.2% and 2.7%, respectively. Diagnostic catheterization had an annual decrease of 6.2%. (B) There are significant trend differences between the number per year of CT and diagnostic catheterization in VA connection disorder, septal disorder, tetralogy of Fallot, coronary arterial disorder, AV connection disorder, and great vessel disorder. (C) There are no significant trend differences between the number per year of CT and diagnostic catheterization in heterotaxy, myocardial disorder, pericardial disorder, pulmonary venous disorder and semilunar valvular disorder. AV = atrioventricular; cath-D = diagnostic catheterization; cath-I = interventional catheterization; CT = computed tomography; SARS = severe acute respiratory syndrome; VA = ventriculoarterial.

Analysis of temporal trends of utilization {#sec3.2}
------------------------------------------

[Table 2](#tbl2){ref-type="table"} presents the 11 disease groups classified into two categories according to findings from trend analyses of the number of CT and diagnostic catheterizations per year. In Category A ([Fig. 1](#fig1){ref-type="fig"}B), the numbers of CT and diagnostic catheterizations per year are significantly different (*p* \< 0.05). Category A consists of atrioventricular connection disorder, coronary arterial disorder, great vessel disorder, septal disorder, tetralogy of Fallot, and ventriculoarterial connection disorder. In Category B ([Figure 1](#fig1){ref-type="fig"}C), there are no significant differences between the numbers of CT and diagnostic catheterizations per year (*p* \> 0.05). Category B consists of semilunar valvular disorder, heterotaxy, myocardial disorder, pericardial disorder, and pulmonary vein disorder.Table 2Two categories based on the statistical significance on temporal tend analysis in the utilization of cardiac CT and diagnostic cardiac catheterization.CategoryDisease groups*p*A:\
Difference between trend on number of cardiac CT and diagnostic cardiac catheterizationAV connection disorder0.049\*Coronary arterial disorder0.045\*Great vessel disorder0.014\*Septal disorder0.006\*Tetralogy of Fallot0.022\*VA connection disorder0.019\*B:\
No difference between trend on number of cardiac CT and diagnostic cardiac catheterizationSemilunar valvular disorder0.203Heterotaxy0.206Myocardial disorder0.879Pericardial disorder0.172Pulmonary vein disorder0.367[^2][^3]

There are no significant trend differences between the total numbers of CT examinations and total cardiac catheterizations (including interventional and diagnostic types) per year (*p* \> 0.05). However, the trend differences in the total numbers of interventional and diagnostic catheterizations are significantly different (*p* \< 0.05; [Fig. 1](#fig1){ref-type="fig"}A).

Radiation dose comparison {#sec3.3}
-------------------------

The mean effective radiation doses of CT were 8.0 mSv (newborn), 7.5 mSv (1 year), 9.2 mSv (5 years), 14.4 mSv (10 years), and 15.6 mSv (15 years). The mean effective radiation doses of cardiac catheterizations were 19.1 mSv (newborn), 9.9 mSv (1 year), 10.8 mSv (5 years), 19.8 mSv (10 years), and 19.7 mSv (15 years; [Fig. 2](#fig2){ref-type="fig"} ).Figure 2Mean effective doses in each age group of cardiac computed tomography (CT) (blue) and catheterization (red) in the study institute.

Discussion {#sec4}
==========

Our results indicated that the numbers of CT and interventional catheterizations increased (1.2% per year and 2.7% per year, respectively) from 1999 to 2009. In the same period, the number of diagnostic catheterization decreased by 6.2% annually. We compared the utilization trend of CT and diagnostic catheterization. We summarized two disease categories according to utilization trend analyses of CT and diagnostic catheterizations.

In category A---which includes atrioventricular connection disorder, coronary arterial disorder, great vessel disorder, septal disorder, tetralogy of Fallot, and ventriculoarterial connection disorder---CT examinations outnumbered diagnostic catheterizations. Owing to the high spatial resolution, CT evaluates the course of the coronary artery more effectively than diagnostic cardiac catheterization.[@bib14] CT can also produce postprocessing images, such as three-dimensional volume-rendering images,[@bib15] which clearly demonstrate the anatomical relationships in great vessel disorder. If patients refuse cardiac catheterization, CT may provide vital information, in three-dimensional volume-rendering images, and reveal the intracardiac pathology.[@bib15] In patients with Marfan syndrome, a subtype of great vessel disorder, CT can reveal dilatation of the sinus of Valsalva and effacement of the sinotubular junction.[@bib16] CT can also provide volumetric measurements of the right ventricle prior to and after atrial septal defect closure. Catheterization cannot effectively perform this task.[@bib17] Cardiac catheterization reportedly induces transient or complete heart block in congenitally corrected transposition of the great arteries.[@bib18] In patients suspected to have congenitally corrected transposition of the great arteries, noninvasive CT is, therefore, useful for diagnosis without incurring such a life-threatening event.[@bib19]

In Category B---which includes semilunar valvular disorder, heterotaxy, myocardial disorder, pericardial disorder, and pulmonary vein disorder---whether CT or diagnostic cardiac catheterization is the more useful modality remains to be determined. The benefits of CT include good spatial resolution and powerful postprocessing techniques. Diagnostic cardiac catheterization, however, can provide dynamic images and pressure gradient measurements.[@bib20] Clinicians may select either catheterization or CT, or both examinations, depending on the clinical conditions. CT can provide excellent visualizations of mitral and aortic valves, including the number of valve leaflets, opening and closing of leaflets, leaflet thickness, and leaflet calcifications.[@bib21] However, CT is unable to fully evaluate valvular stenosis or regurgitation, which diagnostic cardiac catheterization can easily detect.[@bib22] Determinations of aortic valve area by CT correlate well with catheterization findings.[@bib23] In myocardial disorder, a diagnosis of myocarditis or rejection of heart transplantation usually requires referring to histological specimen(s). In such cases, catheterization is superior to CT.[@bib24] For the diagnosis of constrictive pericarditis, the ratio of the right ventricular to the left ventricular systolic area during inspiration and expiration is a reliable catheterization criterion.[@bib25] CT can also diagnose constrictive pericarditis via demonstration of calcified pericardium.[@bib26] Utilization of catheterization or CT for diagnosis of constrictive pericarditis is, therefore, mainly based on clinicians\' decisions and the availability of diagnostic modalities.

There were no significant differences between the total numbers of CT and total catheterization examinations per year. This finding might suggest that the number of total catheterizations per year remained constant. However, in the present study, the number of diagnostic catheterizations demonstrated a decreasing trend during the evaluation period, whereas the number of interventional catheterizations demonstrated an increasing trend. Decreased numbers of diagnostic catheterizations may have released more time, space, and availability of faculty facilities with which to perform interventional catheterizations in response to increasing clinical demands.

Children are at greater risk than adults from doses of radiation because they are inherently more radiosensitive and have longer life expectancies during which radiation-induced cancers might develop.[@bib7] In the study hospital, each pediatric patient received an individualized CT scan protocol implementing the "as low as reasonably achievable" (ALARA) concept.[@bib27], [@bib28] Several studies described the effective radiation doses in pediatric interventional cardiology. Bacher et al[@bib29] reported the effective radiation doses in 60 children (median, 2.0 years) with congenital heart disease, who underwent diagnostic or therapeutic cardiac catheterization procedures. The median effective doses were 4.6 mSv and 6.0 mSv for diagnostic and therapeutic cardiac catheterization, respectively.[@bib29] Beels et al[@bib30] reported the effective radiation doses in 49 children (median 0.75 years) with congenital heart disease, who underwent diagnostic or therapeutic cardiac catheterization procedures, and the median effective dose approximately ranged from 5.6 mSv to 6.4 mSv.

Pediatric cardiac catheterization has several other shortcomings. The incidences of complications caused by pediatric cardiac catheterizations ranged from 0.3% to 20%.[@bib31], [@bib32], [@bib33], [@bib34] Common complications included thrombosis, arteriovenous fistula, pseudoaneurysm formation, hemorrhage, and dissection.[@bib31], [@bib35], [@bib36] The repeated puncture of femoral vessels correlates with femoral vessel occlusion and asymmetric growth of bilateral legs,[@bib37] and postprocedural monitoring may take several hours in a recovery ward. Cardiac catheterization may require general anesthesia. Pediatric cardiac CT, however, does not require the same level of deep sedation as cardiac catheterization, requiring only adequate peripheral venous access.[@bib32], [@bib38] A recent study also reported temporal trends of cardiovascular imaging at a single institute and concluded that the use of cardiac CT increased and the use of diagnostic catheterization decreased.[@bib39]

Asian doctors were more inclined to use CT than magnetic resonance imaging (MRI) to evaluate congenital heart diseases.[@bib40] The relatively limited resources and busy clinical working environment in Asia result in Asian radiologists developing special techniques and workflow using cardiac CT for congenital heart diseases to answer important clinical questions.[@bib1], [@bib41], [@bib42], [@bib43], [@bib44] The current criteria for cardiac CT scans, provided by Western professional societies, are not appropriate for Asian cultures. The Asian Society of Cardiovascular Imaging considered cardiac CT as an appropriate modality for complex congenital heart disease and postoperative congenital heart disease in follow-up and in symptomatic patients.[@bib45] In addition, according to Asian Society of Cardiovascular Imaging 2010 appropriateness criteria for cardiac CT,[@bib45] appropriate indications for pediatric cardiac CT include Kawasaki disease, preoperative evaluation prior to the endovascular treatment, and evaluation of intracardiac and extracardiac structures (e.g., cardiac valve, pulmonary vein, pericardium, coronary artery, and coronary vein).

Common indications for pediatric cardiac magnetic resonance (CMR) under general anesthesia include aortic arch abnormalities, preoperative evaluation of univentricular heart, pulmonary vein abnormalities, and cardiomyopathy.[@bib46] For example, in patients with suspected cardiomyopathy, CMR can provide information about myocardial characterization and ventricular scarring. Common indications for pediatric CMR without anesthesia include valve regurgitation, repaired tetralogy of Fallot, and postoperative evaluation of univentricular heart. Meanwhile, recommendations for diagnostic catheterization include assessment of filling pressure, and pulmonary resistance.[@bib47] Despite the recent advances in noninvasive imaging study, diagnostic catheterization remains the "final authority" to provide definite anatomical and hemodynamic information for very complex lesions.[@bib47]

The relationship of radiation dose by medical imaging and incidence of malignancy is relatively controversial nowadays. One previous study (2009) claimed that approximately 29,000 future cancers could be related to 1 year of CT scan in the United States.[@bib48] However, a recent study[@bib49] published in 2014 claimed that zero radiation-induced malignancy were detected after routine CT scans. They evaluated 104 children who underwent cerebrospinal fluid shunt placement prior to the age of 6 years and with at least 10 years of follow-up data. These children had a total of 1584 CT scans over a follow-up period of 1622 person-years. There were no subsequent benign or malignant tumors, or leukemia detected in their enrolled children. This single-institution study did not adequately define the actual risk. Further collaborative efforts should be made to define the actual risk to patients.

In order to explain the situation to parents who are concerned about the possible development of malignancy, we need to emphasize the benefits of CT and catheterization. Multidetector CT is faster than MRI and catheterization, thus reducing the need for general anesthesia. Each pediatric patient receive an individualized CT scan protocol implementing the ALARA concept.[@bib27], [@bib28] Radiologists should restrict the area scanned as much as possible to fine-tune the CT protocols based on the indications and the child\'s body size. Diagnostic catheterization could be performed if noninvasive imaging modalities are not able to provide enough information.

There are several limitations that need to be addressed. This study describes the utilization patterns of cardiac CT, and diagnostic and interventional cardiac catheterization in only one institution and may not reflect the patterns of utilization in other hospitals or other countries. The authors did not evaluate MRI for comparison owing to a lack of required equipment for children in the institute. The available information did not allow us to investigate the appropriateness of the imaging modalities performed. The selection of diagnostic modalities might reflect the referring cardiologist\'s judgment of necessity. Moreover, we could not directly infer that the increase in CT scans is the cause of the decrease in diagnostic catheterization. Because of the retrospective design of this study, we cannot infer causality but only association.

In conclusion, this study describes the changing trend in the utilization of cardiac CT and cardiac catheterization for patients with congenital heart diseases in a tertiary referral general hospital during an 11-year period. Results suggest that CT might replace diagnostic catheterization in selected congenital heart disease conditions: great vessel disorder, coronary artery disorder, atrioventricular connection disorder, septal disorder, tetralogy of Fallot, and ventriculoarterial connection disorder. In patients with other disorders, clinicians may select either catheterization or CT, or both examinations, depending on the clinical conditions. Cardiac CT uses lower radiation doses than cardiac catheterization. The use of CT releases time, manpower, and facilities in the catheterization laboratory with which to meet the increasing demands of cardiac intervention.
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[^1]: ALCAPA = anomalous left coronary artery from the pulmonary artery; AR = aortic regurgitation; ARVD = arrhythmogenic right ventricular dysplasia; AS = aortic stenosis; ASD = atrial septal defect; AV = atrioventricular; AVF = arterial venous fistula; CCTGA = congenitally corrected transposition of the great arteries; CoA = coarctation of the aorta; DILV = double-inlet left ventricle; DIRV = double-inlet right ventricle; DORV = double-outlet right ventricle; ECD = endocardial cushion defect; EFE = endocardial fibroelastosis; HLHS = hypoplastic left heart syndrome; IAA = interrupted aortic arch; LAI = left atrial isomerism; MA = mitral atresia; PA = pulmonary artery; PAPVR = partial anomalous pulmonary venous return; PDA = patent ductus arteriosus; PFO = patent foramen ovale; PS = pulmonary stenosis; PVO = pulmonary vein occlusion; RAI = right atrial isomerism; TA = tricuspid atresia; TAPVR = total anomalous pulmonary venous return; TGA = transposition of the great arteries; VA = ventriculoarterial; VSD = ventricular septal defect.

[^2]: \**p* \< 0.05.

[^3]: AV = atrioventricular; CT = computed tomography; VA = ventriculoarterial.
